Background
Objectives
To correlate the presence of viral co-infection with clinical phenotype in children admitted with acute respiratory infections (ARI).
Methods
We collected detailed clinical information on severity for children admitted with ARI as part of a Spanish prospective multicenter study (GENDRES network) between 2011-2013. A nested polymerase chain reaction (PCR) approach was used to detect respiratory viruses in respiratory secretions. Findings were compared to an independent cohort collected in the UK.
Results
204 children were recruited in the main cohort and 97 in the replication cohort. The number of detected viruses did not correlate with any markers of severity. However, bacterial superinfection was associated with increased severity (OR: 4.356; P-value = 0.005), PICU admission (OR: 3.342; P-value = 0.006), higher clinical score (1.988; P-value = 0.002) respiratory
Introduction
Molecular techniques including polymerase chain reaction (PCR) have increased the sensitivity of detection for common and emerging respiratory viruses, and often reveal the presence of more than one pathogen in respiratory patients. [1] , [2] The importance of viral co-infections in the pathogenesis, severity or course of respiratory infections is not well established. The high sensitivity of molecular techniques raises questions about the clinical relevance of positive test results. The presence of a virus does not necessarily indicate causation of clinical symptoms or disease [3] . On the contrary, bacterial co-infection is usually associated with a more severe diseases course and worse prognosis, despite the precise interaction between bacteria and viruses is not always clear.
Our study aims to analyze the relationship between viral or bacterial co-infection detected by molecular methods, and the clinical phenotype of children admitted to hospital with lower tract acute respiratory infections (LT-ARI).
Materials and Methods

Study design and recruitment criteria
Two independent observational prospective patient groups were enrolled in Spain (main group) and in the United Kingdom (replication group). Spanish children were recruited between January 2011 and January 2013 through a national hospital based research network: GENDRES (Genetic, vitamin D and Respiratory infections research network-www.gendres. org), which includes 13 Spanish tertiary hospitals. UK children were recruited between October 2009 and May 2010 at St Mary's hospital (UK). In both cohorts, eligible study participants were children under 14 years of age with a lower respiratory tract illness of sufficient severity to warrant admission to hospital, and a virus identified on nasopharyngeal swab or aspirate sample. All types of LT-ARI were included, from bronchiolitis to pneumonia, with or without wheezing, fever, rhinorrhea and respiratory distress.
A nasopharyngeal sample (aspirate or swab) was obtained during admission for viral pathogen detection. Besides the diagnostic procedures performed at origin in the referring hospital, viral detection was performed in all recruited subjects using a panel of 19 viruses, by nested PCR: respiratory syncytial virus; influenza virus (A, B); parainfluenza virus types (1-4); adenovirus (A-F); rhinovirus; metapneumovirus; coronavirus (NL63, 229E, OC43) and bocavirus (Methods previous described in Cebey-López et al. [4] ). No difference was found on the molecular diagnosis yield in our series when using aspirate or swab as sample source. 
Galicia (to AS and FMT
Clinical data collection
Detailed clinical data on each patient were collected using a secured web-based platform. This included risk factors for LT-ARI (prematurity, immunization status, obesity, diabetes, asthma and previous admissions to hospital), current medications, and family history of asthma or other respiratory diseases. The severity of each respiratory case was ranked as follows: 1) physician criteria (mild, moderate or severe); 2) Wood-Downes scale (0 to 10 points; mild < 3, moderate 4-7, severe > 8); and 3) a newly developed scale -named GENVIP score-(0 to 20 points) that assesses food tolerance, degree of medical intervention needed, respiratory distress, respiratory frequency, apnea, malaise and fever (see S1 Table for further details on this scale). Supplemental oxygen and / or mechanical ventilation requirement during admission were also recorded. Bacterial superinfection diagnosis was established according to the referring physician criteria, based on clinical data, inflammatory markers, and radiological findings, and/or appropriate cultures in sterile sites (e.g blood or cerebrospinal fluid). For the study purposes, cases classified as bacterial co-infections included both cases with and without microbiological confirmation as in our series, cultures were not carried out systematically, but only when a bacterial superinfection was suspected by the referring physician.
Data analysis
In this analysis, we compared clinical data to the results of pathogen identification in respiratory samples. We performed all the analysis using the R Software, Version 3.0.2 (www.rproject.org). General data were presented as means with 95% confidence intervals (CI). Different statistical models were used to assess the bivariate association between the variables depending on the dependent variable. The relationship between demographic and clinical variables with mono-infection and co-infection was analysed using simple logistic regression. A binary logistic model was used for the binary variables (co-infection status, oxygen requirements, respiratory support needed and PICU admission), linear model for continuous variables (Wood-Downes Score and GENVIP Score), negative binomial regression model for counted data (hospital stay length) and logistic multinomial model for the multinomial variable (respiratory distress status). Multiple regression models were considered using the significant risk factors obtained in the bivariate analysis and sex and age variables. In order to reduce the likelihood of false significant results due to too many statistical comparisons, the Bonferroni multiple test correction were considered. A χ2 test was performed to evaluate the correlation between bacterial superinfection and pneumococcal vaccine. Level of statistical significance was set at 0.05.
Results
The GENDRES cohort included nasopharyngeal samples from 204 patients with a median age of 16.7 (95% CI: 12.7-20.6) months and a male-to-female sex ratio of 1.7. One patient was excluded due to incomplete clinical data. In the UK a cohort of 97 patients' data was analyzed, with a median of age of 36.6 (95% CI: 27.6-45.6) months and a male-to-female ratio of 0.94 (S1 Fig) . Comparison between both cohorts is shown in Table 1 .
Viral mono-infection versus viral multi-infection
The PCR results were preciously described in Cebey-López et al. [4] . Clinical data, family or past medical history, need of PICU admission or hospital length of stay, and oxygen or respiratory support need, were equivalent in the GENDRES and the UK cohort (Table 2 ).
In the GENDRES cohort the presence of rhinovirus as co-pathogen was associated with a significantly increased Wood-Downes score by 1.289 points (95% CI: 0.387, 2.192); Pvalue = 0.006. RSV infection was associated with increased oxygen requirements [OR (95% CI): 3.154 (1.302, 7.966); P-value = 0.012] ( Table 3) . These isolated findings were not replicated in the UK cohort (Table 3) . 8 .404); P-value = 0.007], and they had a longer hospital stay in both cohorts: 1.48 days (P-value = 0.025) longer stay in GENDRES cohort and 1.87 days (P-value = 0.005) in UK cohort, respectively (Fig 1; S3 -S8 Tables). In addition, 34.0% of the patients with bacterial infection in the GENDRES cohort received the pneumococcal vaccine and 24.7% did not receive it (P-value = 0.213). (Fig 1; S1 -S7 Tables). 
Bacterial superinfection
Discussion
Our study revealed that even though multiple viral detection is frequent in hospitalized children with LT-ARI, this association is not related to either disease severity or to any other clinical features studied. PICU admission, disease severity according to different scales, need for respiratory support, and length of hospital stay followed a similar pattern in viral mono-versus co-infected children. Contrariwise, bacterial superinfection increased the severity of the disease course, while pneumococcal vaccination played a protective role. The detection of multiple coincident viruses in clinical settings is becoming more common since the introduction of molecular based multiplex tests, but the clinical significance of these findings remains unclear and seems to have no impact in disease severity [5] . Both an increase in disease severity in relation to dual infections [6] [7] [8] [9] and the absence of this association [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have been reported. Richard et al. [8] found that co-infected children were almost three times more likely to be admitted to the PICU than those with single viral infections. Compared to our study Richard et al. developed a retrospective and monocentric study in which they only considered dual infections, infants and bronchiolitis.
There is contradictory evidence linking disease severity with specific respiratory viruses. A shorter hospital stay has been reported in children with rhinovirus bronchiolitis than with RSV [20] . Rhinovirus and RSV co-infection is reported to increase the risk of severe disease [8] or the bronchiolitis relapse [21, 22] . Other studies did not find significant differences in severity between co-infection and single infection [12, 18, 23, 24] . In our study we did not find increased severity of illness in children with RSV-rhinovirus dual infection. In our series, only RSV as mono-infection increased oxygen requirements, and rhinovirus as a co-infecting pathogen increased the Wood-Downes score in the Spanish cohort, but these isolated findings arising from the multivariate analysis could not be replicated in the UK cohort.
Several studies have reported increased severity with bocavirus (hBoV) co-infections [13, [25] [26] [27] ; this was not the case in our series (also in agreement with Pen et al. [15] ). hBoV was commonly detected in our patients, with no impact in the severity of the illness. As hBoV was detected in alongside other respiratory viruses with an established pathogenic potential, it is possible that hBoV detection reflects asymptomatic persistence or prolonged viral shedding [28] .
Bacterial superinfection was the only factor consistently linked to greater severity. Studies of the pandemic influenza indicate that respiratory viruses predispose to bacterial complication and interaction between viruses and bacteria in respiratory infections has been extensively reported in the literature [29] , but the underlying mechanisms between viral and bacterial synergism are complex and remain unclear [30] . Common respiratory viral infections, such as influenza or respiratory syncytial virus have been linked to seasonal increases in Streptococcus pneumoniae disease [31] . The relationship between bacterial and viral infection is clouded by the low sensitivity of bacterial detection in sterile-site samples by traditional culture methods, and the reliance on non-specific clinical data for the for diagnosis of bacterial co-infection, including inflammatory markers, radiological findings and / or appropriate cultures, resulting in 30% of the cases in the GENDRES cohort and 55% in the UK cohort. Bacterial superinfection increased most measures of severity in both cohorts (PICU admission, respiratory support requirement, GENVIP score, hospital stay length and respiratory distress).
Interestingly, pneumococcal vaccination was revealed as an independent protective factor of disease severity in our patients. Pneumococcal vaccine reduced the severity of viral LT-ARIs through a reduction in oxygen requirement, invasive and non-invasive ventilation, admission to PICU, respiratory distress, and GENVIP score. A reduced incidence of viral alveolar pneumonia has been previously reported after pneumococcal vaccination [31, 32] , although there was no demonstrable reduction in the number of confirmed pneumococcal infections. This is likely to reflect the limited sensitivity of culture-proven pneumococcal disease in pneumonia. The protective effect of pneumococcal vaccines found in our study might reinforce the importance of the paradigm of viral-penumococci interaction at nasopharynx level in the pathogenesis and clinical course of the disease [33] Current pneumococcal conjugate vaccines significantly decrease nasopharyngeal carriage of pneumococci [34] and thus reduces the possibility of this viral-pneumococci direct interaction.
One of the limitations of the present study is that our samples were not tested for viral load by quantitative PCR and the viral load of certain viruses-like RSV-has been associated with the co-infection status and the severity [3] . Also, the study did not consider milder or asymptomatic children. In addition, bacterial superinfection rate in our series might be overestimated as diagnosis was accepted as true even without microbiological confirmation, just based on referring physicians' criteria.
Several studies had shown that viruses can be found in children with no respiratory infections [6, 35] , and further research is needed to understand the natural history of respiratory viral carriage and infection. However, our findings were consistent in both independent cohorts very different between them, so this makes the outcomes more robust.
In summary, the severity and course of an acute respiratory episode requiring hospitalization in children did not correlate with the presence of one or more viruses. In contrast, bacterial co-infection was associated with more severe disease, whereas pneumococcal vaccination decreased severity. Future studies are needed to investigate whether particular viruses, or combinations of viruses, influence the risk of bacterial co-infection.
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